The TbCo 4−x Fe x B compounds with x = 0, 1, and 2 have been investigated by x-ray and neutron diffraction, magnetic measurements, and iron-57 Mössbauer spectroscopy. The substitution of cobalt by iron induces both an anisotropic increase in the unit-cell volume and a large increase of approximately 250 K in the Curie temperature; the 4.2 K magnetization decreases continuously with increasing iron content. The powder neutron diffraction patterns and the Mössbauer spectra of the TbCo 4−x Fe x B compounds reveal a strong preferential substitution of iron for cobalt on the 2c site, small transition metal magnetic moments of approximately 1.7 B , and small iron hyperfine fields of approximately 16 T. The compensation temperature of the TbCo 4−x Fe x B compounds decreases continuously from 400 to 350 K between x = 0 and 2 as the result of an iron induced increase in the transition metal magnetization. The magnetic moment and hyperfine field are found to be larger on the 2c site than on the 6i site, a difference that reflects the strong hybridization of the 3d orbitals of the 6i site transition metal with the boron 2p orbitals.
I. INTRODUCTION
The intermetallic compounds that combine a rare earth, R, with a transition metal, M, and boron have been intensively investigated over the past 20 years and this work has led to the discovery and better understanding 1 of the properties of Nd 2 Fe 14 B, a high performance magnetic material. The interplay of the localized rare-earth 4f orbitals, and their associated magnetic moments, with the delocalized transition metal 3d orbitals, and their associated magnetic moments, can lead to exceptional magnetic properties. However, the optimization of these properties requires a precise knowledge of the fundamental structural properties of intermetallic compounds. The addition of a ternary component, such as boron or carbon, to an intermetallic binary RM compound can lead to a new ternary structure and/or modify the magnetic properties of R and M in the ternary structure.
The ordered substitution of boron for cobalt in the RCo 5 compounds has been shown to lead to a wide range of R n+1 Co 3n+5 B 2n compounds 2, 3 that exhibit different crystal structures within the same P6 / mmm space group. These compounds are of interest because they are model compounds for probing the influence of metalloid atoms on the magnetic properties of a compound. 4, 5 Herein, we present a crystallographic and magnetic study of the TbCo 4−x Fe x B compounds, with x = 0, 1, and 2, where the substitution of iron for cobalt is used to modify the magnetic properties of the transition metal sublattice. TbCo 4 B is ferrimagnetic below 455 K and exhibits a compensation temperature of 400 K, the temperature at which the terbium and cobalt sublattice magnetizations cancel. The occurrence of this compensation makes such materials 6 useful for both magneto-optical recording and spintronic devices. The series of TbCo 4−x Fe x B compounds has been chosen both because, in contrast to YCo 4 B, TbCo 4 B does not exhibit a spin reorientation and because the planar magnetic anisotropy of terbium is expected to dominate 7 the magnetocrystalline anisotropy below the Curie temperature. In spite of this dominance, the presence of a cone 8 of easy magnetization at low temperature has, however, been proposed. Hence, it is important to investigate in detail the magnetic behavior of the TbCo 4−x Fe x B compounds and to compare these properties with those obtained for the isotypic RCo 4−x Fe x B compounds.
II. EXPERIMENTAL
The polycrystalline TbCo 4−x Fe x B compounds with x =0, 1, and 2 have been prepared by melting starting materials of 99.9% or higher purity in an arc furnace. The ingots were remelted in a high frequency furnace under an argon atmosphere for better homogeneity. Small pieces of the ingots were wrapped in tantalum foil, sealed in an evacuated silica tube, and annealed for 10 days at 1173 K. The phase purity of the samples before and after annealing was determined by powder x-ray diffraction by using copper Cu K␣ 1 1.5406 Å radiation. TbCo 3 FeB contains a small amount of Tb 3 M 11 B 4 impurity, where M is cobalt and/or iron.
The annealed ingots were powdered and, for the oriented powder x-ray diffraction studies, the particles were sieved to a diameter of less than 0.050 mm. solidified at room temperature in an epoxy resin in a field of 0.5 T that was applied parallel to the x-ray scattering vector.
The powder neutron diffraction experiments were performed at the Institut Laue Langevin in Grenoble, France on the D1B double-axis high-flux diffractometer which has a full width at half maximum resolution of 0.3°; a detailed description of D1B can be found 9 elsewhere. The samples were placed in 6 mm inner diameter cylindrical vanadium containers and the 2 and 295 K diffraction patterns were obtained over a 2 angular range of 80°with a 400 cell 3 He detector that has a step of 0.2°between each cell. At 2 K a neutron wavelength of 2.52 Å, selected by a pyrolytic graphite monochromator, was used, whereas at 295 K, a neutron wavelength of 1.287 Å, as selected by the ͑311͒ Bragg reflection on a Ge monochromator with a take off angle of 44.2°in 2, was used. The powder diffraction patterns have been refined 9 with the FULLPROF suite of programs. The Curie temperatures have been determined by using a Faraday balance and a heating and cooling rate of 5 K/min. Magnetization measurements have been performed by using the extraction method in a dc applied magnetic field of up to 9 T. The spontaneous magnetization, M s , has been determined by extrapolation of the isothermal curve to zero applied field.
The Mössbauer spectra of TbCo 3 FeB and TbCo 2 Fe 2 B have been measured between 85 and 295 K on a constantacceleration spectrometer which utilized a rhodium matrix cobalt-57 source and was calibrated at room temperature with ␣-iron powder. The Mössbauer spectral absorbers contained 25 mg/ cm 2 of powdered sample which had been sieved to a 0.050 mm or smaller diameter particle size.
III. STRUCTURAL ANALYSIS
The 295 K lattice parameters obtained from the powder x-ray diffraction patterns of the TbCo 4−x Fe x B compounds are given in Table I and their compositional dependence is shown in Fig. 1 . Surprisingly, the a lattice parameter increases significantly between x = 0 and 1 and then increases only slightly between x = 1 and 2; in contrast the c lattice parameter decreases from x = 0 to 1 and then increases substantially between x = 1 and 2. This behavior indicates that a change in the substitutional pattern of cobalt by iron occurs at approximately x = 1. A similar behavior has been observed for the RCo 4−x Fe x B compounds, where R is Y, Nd, 10, 11 and Dy, 12 and results from the preferential substitution of cobalt by iron on the 2c crystallographic site. The combination of the anisotropic changes in lattice parameters with increasing x leads to an essentially linear increase in unit-cell volume, as shown in Fig. 1 .
The substitutional replacement of cobalt by iron and the magnetic structure of TbCo 3 FeB and TbCo 2 Fe 2 B have been determined from the neutron powder diffraction patterns obtained at 295 and 2 K, patterns that are shown in Fig. 2 Table II TABLE I. The 295 K unit-cell parameters, 4.2 K spontaneous magnetizations, and the Curie and compensation temperatures for TbCo 4−x Fe x B. together with the results obtained earlier 13 for TbCo 4 B. The 2 K refinements indicate both a strong preferential occupation of the 2c site by iron with increasing x and a basal orientation of the magnetic moments. The 295 K neutron diffraction results confirm the strong preferential substitution of iron on the 2c site.
The terbium magnetic moments of approximately 8 B observed in the TbCo 4−x Fe x B compounds are similar to the moments observed 14 in other terbium intermetallic compounds, such as the related TbCo 4 Ga and TbCo 4 Al compounds. 15 In contrast, the transition metal magnetic moments are small and different for the two sites, the 2c moment being larger than the 6i moment. In TbCo 3 FeB the transition metal magnetic moments are 1.8͑1͒ B and 0.8͑1͒ B on the 2c and 6i sites, respectively. These different values, which are very similar to those observed for TbCo 4 B, indicate the importance of the 2p-3d orbital hybridization of the bonds between the boron and the cobalt, or the boron and iron, in reducing the 6i site magnetic moment. Further, the moment on the 6i site increases from 0.7 B to 1.1 B between x = 0 and 2, an increase that likely results from a combination of the larger magnetic moment on iron than on cobalt and a smaller cobalt moment as a result of the increased distance between the cobalt 6i site and the boron 2d site, an increase that decreases the 2p-3d orbital hybridization of the boron-cobalt bond. The 295 K x-ray diffraction patterns of the TbCo 4−x Fe x B compounds, with x = 0, 1, and 2, oriented in an external magnetic field of 0.5 T, applied parallel to the x-ray scattering vector, show only the ͑hk0͒ Bragg peaks. Hence, at 295 K the easy magnetization direction is perpendicular to the crystallographic c-axis, i.e., the magnetization is basal. 
IV. MAGNETIC PROPERTIES
The Curie temperatures, T C , of the TbCo 4−x Fe x B compounds, deduced from the thermomagnetic measurements, are given in Table I . The iron substitution from x = 0 to 1 substantially increases the Curie temperature by 244 K from 455 to 699 K, whereas a further increase in x to 2 increases the Curie temperature by only 20 K up to 719 K. Similar increases in the Curie temperature have been reported for the isotypic RCo 4−x Fe x B compounds [10] [11] [12] 16 and have been attributed, at least in part, to the increase in the transition metal sublattice magnetization and the concomitant unit-cell expansion. The 4.2 K spontaneous magnetization decreases from 5.0 B for TbCo 4 B to 2.9 B for TbCo 2 Fe 2 B. This decrease results from an increase in the transition metal sublattice magnetic moment with increasing iron content, a sublattice moment that is antiparallel to that of the terbium sublattice. The compensation temperatures and their compositional dependency are given in Table I . The compensation temperature decreases with increasing iron content, in agreement with an increased transition metal sublattice magnetization and a constant terbium sublattice magnetization.
V. MÖSSBAUER SPECTRAL RESULTS
The Mössbauer spectra of TbCo 3 FeB and TbCo 2 Fe 2 B obtained between 85 and 295 K are shown in Fig. 3 . The Mössbauer spectra of TbCo 3 FeB exhibit the presence of 18͑3͒% by area of an iron containing impurity. The neutron diffraction pattern reveals the presence of at most 5 wt % of a Tb 3 M 11 B 4 impurity, a phase that is known 17, 18 to accommodate a rather large amount of iron to form Tb 3 Co 11−y Fe y B 4 . The 18% of iron impurity observed in the Mössbauer spectra corresponds to y = 5, a rather large but not unreasonable amount 18 of iron in this impurity phase. The Mössbauer spectrum of Y 3 Co 11−x Fe x B 4 with x = 1.98 observed earlier 17 but not analyzed in detail is very similar to both those observed 16 previously for the YCo 4−x Fe x B compounds and to that of TbCo 3 FeB reported herein. Hence, the comparison of the Mössbauer signal of the impurity in TbCo 3 FeB with the earlier spectrum of Y 3 Co 11−x Fe x B 4 is problematic and the nature of the impurity cannot be identi- 12, 16, 19 where R is Y, Gd, and Dy, indicates that the magnetization and, hence, the iron magnetic moments and hyperfine fields are oriented in the basal plane of the hexagonal unit cell, a conclusion that agrees with the conclusion drawn from the oriented powder x-ray diffraction and neutron diffraction results.
Because iron is present on both the 2c and 6i sites in the structures of TbCo 3 FeB and TbCo 2 Fe 2 B, at least two contributions are required to fit their Mössbauer spectra. Further, both because of the basal orientation of the iron magnetic moments and hence hyperfine fields and because of the 6i point symmetry, the 6i contribution must be subdivided 16, 19 into two components with relative areas of 1:2, see below. In preliminary fits the relative areas of the 2c and 6i contributions have been constrained to the iron occupancies obtained from neutron diffraction studies; in the final fits shown in Fig. 3 they have been refined.
The simultaneous presence of both small hyperfine fields and large quadrupole interactions in the iron-57 Mössbauer spectra of TbCo 3 FeB and TbCo 2 Fe 2 B prevents their analysis with a first-order perturbation of the Zeeman magnetic Hamiltonian by the quadrupole interaction. Rather, an exact solution for both the iron-57 ground and excited state Hamiltonians must be used to fit the spectra. The resulting fits are shown as the lines and spectral components in Fig. 3 ; the corresponding spectral parameters with their statistical errors are given in Table III . The actual errors are probably twice as large as the statistical errors.
In agreement with the point symmetry of the 2c and 6i sites 20 and the basal orientation of the iron magnetic moments, the asymmetry parameter and the Euler angles, and , of the hyperfine field in the electric field gradient axes have been fixed to the values already obtained 12 for DyCo 4−x Fe x B and given in Table III . The isomer shift, ␦, the hyperfine field, H, and the quadrupole interaction, e 2 Qq / 2, for both the 2c and 6i sites have been adjusted.
In addition to adjusting the above hyperfine parameters and the line width, ⌫, an incremental line width, ⌬⌫, defined as ⌫͑v͒ = ⌫ + ͑v − ␦͒⌬⌫, where v is the velocity and ␦ is the isomer shift of a given spectral component, has also been fitted in order to account for the distribution of cobalt and iron on the near neighbors of the 2c and 6i sites. Finally, a texture parameter, y, has been introduced into the fits as a factor multiplying the Clebsch-Gordan coefficient of the ⌬m = 0 transitions. In the case of a sextet this is essentially equivalent to a component area ratio of 3 : y :1:1: y : 3, where y may vary from zero for a hyperfine field parallel to the ␥-ray direction to 4 for a hyperfine field perpendicular to the ␥-ray direction. The relative areas of the 2c and 6i components have been adjusted starting from the initial values given by the iron occupancies obtained from the neutron powder diffraction patterns of TbCo 3 FeB and TbCo 2 Fe 2 B. Under the assumption that the recoil free fractions of the two iron sites are equal, the refined temperature independent relative areas of the 2c and 6i sites are in reasonable agreement with the site occupancies obtained from the neutron diffraction measurements and given in Table II .
The temperature dependence of the 2c and 6i isomer shifts in TbCo 3 FeB and TbCo 2 Fe 2 B is shown in Fig. 4 and, in the absence of any change in the structure or in the iron electronic configuration, the observed temperature dependence results from a combination of both lattice expansion and the second-order Doppler shift. Because the lattice expansion would favor an increase in the isomer shift with increasing temperature, the observed decrease in the isomer shift with increasing temperature results primarily from the second-order Doppler shift. The temperature dependence of the 2c isomer shift, which is better defined because of the higher iron occupancy of this site, has been fitted with the Debye model 21 for the second-order Doppler shift, and an identical Mössbauer lattice temperature of 375͑27͒ K was obtained for both TbCo 3 FeB and TbCo 2 Fe 2 B. This value falls within the range of 265-410 K observed 22 for several R 2 Fe 17 compounds and is similar to the value of 447͑75͒ K observed 23 in YCoFe 3 B. The 2c isomer shift is essentially independent of x whereas the 6i isomer shift increases with increasing x in a fashion similar to that observed 12 in the DyCo 4−x Fe x B compounds. This increase in the 6i isomer shift may result from the increase in the c lattice parameter and in the unit-cell volume in going from TbCo 3 FeB to TbCo 2 Fe 2 B. The quadrupole interactions of both the 2c and 6i sites are independent of temperature. The 2c quadrupole interaction is independent of x, whereas the 6i quadrupole interaction decreases upon going from TbCo 3 FeB to TbCo 2 Fe 2 B.
Both the 2c and 6i hyperfine fields increase with increasing iron content, in agreement with the increase in the transition metal sublattice magnetization. The relatively small hyperfine fields of between 13 and 20 T observed for both sites result from a combination of the Fermi contact and orbital contributions to the hyperfine field, contributions that have been discussed earlier. 16, 19 As previously observed for the RCo 4−x Fe x B compounds, 12, 16, 19, 20 where R is Y, Pr, Nd, Sm, Gd, and Dy, the 2c hyperfine field is larger than the weighted average 6i hyperfine field, in agreement with the larger transition metal magnetic moment obtained from the neutron diffraction patterns, see Table II .
The temperature dependence of the 2c and average 6i hyperfine fields in TbCo 3 FeB and TbCo 2 Fe 2 B is shown in Fig. 5 . As expected the hyperfine fields decrease with increasing temperature, with the exception of the average 6i hyperfine field in TbCo 3 FeB, which is poorly determined because of the small iron occupancy of this site. The solid lines shown in Fig. 5 are the result of a least-squares fit 24 with the equation
where B 0 and T C are the saturation field and Curie temperature, respectively. The Curie temperatures given in Table I were used in the fit. The C 3/2 coefficients are equal to 0.47, 0.37, and 0.42 and C 5/2 are equal to Ϫ0.46, Ϫ0.33, and Ϫ0.06 for the 2c site in TbCo 3 FeB and the 2c and 6i sites in TbCo 2 Fe 2 B, respectively.
VI. DISCUSSION AND CONCLUSIONS
The iron occupancies determined from neutron diffraction and the relative areas of the three contributions to the Mössbauer spectra of the TbCo 4−x Fe x B compounds indicate that iron preferentially substitutes for cobalt on the 2c crys- tallographic site. This preferential substitution explains the observed compositional dependence of the lattice parameters, a dependence that takes place in two steps, first, between x = 0 and 1 and, second, for x greater than 1. A higher iron content increases the transition metal sublattice magnetization and consequently decreases the compensation temperature. The ordering temperature strongly increases from 455 to 719 K between x = 0 and 2. The large increase in ordering temperature from x = 0 to 1 results almost exclusively from the preferential substitution of cobalt by iron on the 2c site. Hence, the exchange interactions in the RCo 4−x Fe x B compounds are largely determined by the transition metal 2c site. The dominant magnetic role of the 2c site is also apparent in its larger hyperfine field observed in the Mössbauer spectra, a larger field that is associated with a larger magnetic moment. Both iron and cobalt exhibit a larger 2c than 6i magnetic moment because of the strong hybridization between their 3d orbital and the near-neighbor boron 2p orbital.
